B cell-activating factor of the TNF family (BAFF) is a cytokine that acts as a homeostatic regulator of B-cell selection and survival. High levels of BAFF are associated with autoimmunity, particularly SLE. Belimumab, a monoclonal anti-BAFF antibody, has recently been approved for the treatment of SLE (10, 11) . BAFF and its receptors play multiple roles in B-cell development (12) (13) (14) . During the transitional stage, signals through the BAFF receptor (BAFF-R) and the BCR cooperate in several ways to enhance B-cell survival. Transitional autoreactive B cells often downregulate their BCR and therefore require a higher amount of signal through BAFF-R to survive. If BAFF levels are limiting, these cells may be deleted or may be directed to the marginal zone, but if BAFF levels are high, they are more likely to survive (rev. in 14) . Autoreactive B cells that escape into the naive repertoire under the influence of high circulating levels of BAFF could give rise to pathogenic autoantibodies if they undergo extrafollicular clonal expansion or if they autoreactivity de novo as a consequence of somatic mutation also contribute to the autoreactive repertoire (3, 6, 7) . Somatic mutation requires help from T cells, but in the setting of inflammation, it may occur outside GCs as well as within GCs (2, 8) . Finally, innate signals may enhance autoreactive responses in a T cell-independent fashion (9) . Understanding how these defects contribute to autoantibody production in individual patients will enable therapy to be directed to the appropriate B-cell stage and subset.
IntrODUCtIOn
Systemic lupus erythematosus (SLE) is an autoimmune disorder in which loss of tolerance to nucleic acids and their binding proteins leads to the production of autoantibodies that cause systemic inflammation and organ damage. Both intrinsic and extrinsic defects in B-cell tolerance can contribute to the generation of autoantibodies in SLE (1) . Naive autoreactive B cells may expand in extrafollicular regions or may undergo clonal expansion in germinal centers (GCs) (2) (3) (4) (5) The goal of this study was to determine how B-cell-activating factor of the TNF family (BAFF) availability influences selection of the autoreactive B-cell repertoire in NZB/W and NZW/BXSB lupus-prone mice bearing the site-directed heavy-chain transgene 3H9 that encodes for anti-dsDNA and anti-cardiolipin (CL) autoantibodies. We used a bone marrow chimera system in which autoreactive 3H9 transgenic B cells were allowed to mature in competition with wild-type cells and could be identified by green fluorescent protein. The light-chain repertoire associated with the 3H9 heavy chain in naive and antigen-activated B-cell subsets was assessed using single-cell polymerase chain reaction. We found that deletion of autoreactive transgenic B cells occurred in the bone marrow of both strains regardless of BAFF availability, and there were only modest and physiologically non-relevant effects on the naive B-cell repertoire. BAFF inhibition had different effects on selection of the germinal center repertoire in the two strains. In the NZW/BXSB strain, BAFF inhibition phenocopied the loss of one TLR7 allele in that it influenced the selection of 3H9-encoded autoreactive B cells in the germinal center but did not prevent somatic mutation. In the NZB/W strain, BAFF inhibition did not alter the selection of 3H9-encoded B cells in the germinal center, but it influenced selection of a subset of germinal center cells into the plasma cell compartment. Our data underscore the complexity of regulation of the autoreactive B-cell repertoire by BAFF and may help to explain the heterogeneity of responses observed after BAFF inhibition in humans. Quantitation of autoantibodies to Cardiolipin and dsDna Serial enzyme-linked immunosorbent assays (ELISAs) of serum for antibodies to CL and dsDNA were performed as previously described (22, 24, 25) .
Flow Cytometry and Sorting
Spleen and bone marrow B cells were analyzed as previously described (21, 26, 27 (20) . Somatic mutation rates were calculated by using a program available on the IMGT website.
Statistics
Proteinuria and survival data in Figure 1 were analyzed by using Kaplan-Meier curves and log-rank test. Comparisons shown in Figures 1A, 1B, 2 and 3 were performed by using the Mann-Whitney U test. The p values ≤0.05 were considered significant. Comparisons in Figure 4 were performed using a pair-wise Mann-Whitney U test with a Bonferroni adjustment to account for multiple testing. To preserve an overall 5% significance level, a pairwise comparison evolving inflammation. Because high affinity anti-dsDNA and anti-CL autoreactivity in the 3H9 system is acquired by somatic mutation (7), we could analyze the effects of BAFF inhibition on both the naive repertoire and on the de novo generation of high-affinity autoreactive B cells. We show that the effects of BAFF inhibition are variable, depending both on strain and on individual Ig genes.
MatErIaLS anD MEthODS

Mice
GFP + 3H9 NZW mice were generated as previously reported (20 The GC reaction produces IgG autoantibodies that can improve their affinity for autoantigens or that acquire autoreactivity de novo as a result of somatic mutation. Optimal GC maintenance requires BAFF, since both BAFF and BAFF-R KO mice form smaller GCs that decline prematurely (16) . BAFF is required for the development of a mature follicular dendritic cell (FDC) reticulum (16) and also influences inducible T-cell costimulator ligand (ICOSL) expression on B cells, thus regulating the ability of B cells to promote follicular T helper cell (TFH) expansion during GC development (17) . TFH, in turn, produces BAFF, and this may enhance the survival and selection of high-affinity B cells (18) . Furthermore, activated T cells are also responsive to BAFF, releasing interferon-γ that amplifies autoimmune effector responses (19) . The ability of BAFF inhibition to regulate plasma cells that arise either from naive autoreactive B cells or from the GC has not been fully explored in spontaneous models of SLE.
The purpose of the experiments reported here was to determine how BAFF availability influences the selection of naive and antigen-selected autoreactive B cells bearing the site-directed anti-cardiolipin (CL)/DNA immunoglobulin heavy-chain V region transgene 3H9 during the evolution of SLE in NZW/ BXSB and NZB/W mice that express anti-CL and anti-dsDNA autoantibodies, respectively. The use of 3H9 bone marrow chimeras allowed us to study selection of the 3H9-encoded B-cell repertoire in the setting of both physiologic competition with non-autoreactive B cells and Figure 1A ). BAFF-R-Ig-treated female NZB/W mice (F B/W 3H9 BAFF-R-Ig) developed high titer anti-dsDNA antibodies by 18 wks posttransplantation that were no different from untreated female 3H9 NZB/W mice (F B/W 3H9, Figure 1B) Single Cell analysis of the 3h9-associated Light-Chain repertoire of nZB/W Mice We previously established that reconstituted unmutated 3H9/Vκ combinations using Vκ1-117, 3-4, 3-12, 4-55, 9-120, 13-85 and 16-104 are nonreactive with dsDNA, CL, histones or chromatin, whereas those using Vκ1-110, 4-57, 4-57*1-01, 4-79, 5-43, 5-45, 5-48, 6-15, 8-30, 9-123, 10 -94 and 12-46 react with one or more of these antigens (7; data not shown). In 3H9 NZW/BXSB mice, we further reported that the GC repertoire is dominated by members of the Vκ5 family, particularly Vκ5-43/5 and Vκ5-48 that are much less commonly expressed in the follicular or marginal zone repertoires (20) . In this study, we likewise examined the repertoire of naive stages ( Figures 3A, C) . A similar deletion pattern was found in the NZB/W strain ( Figures 3B, D) . Treatment with BAFF-R-Ig had no additional effect on deletion of transgenic B cells at any of these B-cell stages in either strain (Figures 3A-D) .
Surface IgM staining was decreased on splenic GFP + follicular cells from selection of those Vκ genes known to be autoreactive versus those with no known SLE-related autoreactive specificity. Notably, the autoreactive light-chain genes Vκ5-43/5 and Vκ5-48 were present at measurable frequency in the follicular repertoire of NZB/W chimeras, but their representation was no different in BAFF-R-Ig-treated mice than in controls ( Figure 4A , Supplementary Table S2 ). In NZW/BXSB mice, there were only minor differences between the follicular repertoires of BAFF-R-Ig-treated mice and control mice. Of these, only a decrease in Vκ3-4 was shared with the NZB/W strain ( Figure 4B , Supplementary Table S2) .
Single-Cell analysis of the GC and plasma Cell 3h9-associated LightChain repertoire of Chimeric Mice The 3H9-associated repertoire of light chains in class-switched GC B cells and plasma cells is highly restricted in male (Supplementary Figure 1B) . Of these, Vκ5-48 and Vκ9-120 are also expressed by GC B cells of NZW/BXSB mice.
Single-Cell analysis of the naive 3h9-associated Light-Chain repertoire of Chimeric Mice
To determine whether BAFF-R-Ig treatment altered selection of the naive B-cell repertoire, we performed single-cell PCR of light chains associated with the 3H9 heavy chain in the mature follicular B-cell subset from BAFF-R-Ig-treated and -untreated chimeric mice (Supplementary Table S2 ). Analysis of the follicular light-chain repertoire in chimeras of the NZB/W strain revealed that treatment with BAFF-R-Ig decreased the frequency of Vκ3-4, a light chain that is relatively confined to the marginal zone in the parental 3H9 donors, and increased the frequency of Vκ3-1 and Vκ13-84/85. However, there was no clear effect on B-cell subsets and class switched B cells from young and old 3H9 NZB/W mice that were the donors for the NZB/W chimeras. As we have shown in the NZW/BXSB strain, the transitional, marginal zone and follicular repertoires were different from each other (Supplementary Figure S1A; data not shown). The marginal zone repertoire was particularly restricted in both young and aged mice, with almost 50% of the repertoire accounted for by two genes (Vκ3-4 and Vκ12-46), which were less commonly expressed in the follicular repertoire; Vκ12-46 is also highly expressed by marginal zone B cells of the NZW/BXSB strain. By contrast, the GC and class switched repertoires of aged 3H9 NZB/W mice were dominated by a restricted set of genes that were uncommon in the follicular and marginal zone repertoires, including Vκ4-79, Vκ5-48, Vκ9-120 and Vκ14-111 Figure 6A , p < 0.001); a similar difference was also present in the plasma cell repertoire (data not shown). However, no such differences were observed in the GC repertoire of NZB/W chimeras ( Figure 6B ). 3H9/Vκ5-45/Jκ5 binds with higher affinity to dsDNA, CL and histones than does 3H9/Vκ5-43/Jκ5. Because the sequencing method we used does not distinguish between Vκ5-43 and Vκ5-45, which have only two amino acid differences in the 5′ region (S to R in FR1 and N to Y in CDR1), we performed high-affinity dsDNA or high-affinity CL specificity by somatic mutation (7) . No differences were observed in the frequency of Vκ5-encoded light chains in the GCs of BAFF-R-Ig-treated and control NZB/W chimeras ( Figure 5B , Supplementary Tables S2 and S3) .
We previously showed that the autoreactive specificity of germline encoded 3H9/Vκ5 antibodies in non-chimeric 3H9 W/B males and females is influenced by the associated Jκ (7). In particular, 3H9/Vκ5-48/Jκ4 binds best to CL and dsDNA, whereas 3H9/Vκ5-43/Jκ5 binds to histone and dsDNA. In the NZW/BXSB chimeras, treatment with BAFF-R-Ig resulted in an increase in NZW/BXSB mice with overrepresentation of Vκ5-43/45 and Vκ5-48 that confer specificity for chromatin and other autoantigens including dsDNA, CL and histone (7) . In the NZW/BXSB chimeras, treatment with BAFF-R-Ig resulted in decreased expression of Vκ5-48 relative to Vκ5-43/45 in the GC repertoire ( Figure 5A) ; this change was also observed in the plasma cell repertoire (Supplementary Tables S2 and S3 ). Despite a difference in the autoantibody profile between NZW/BXSB and NZB/W mice, Vκ5 light chains were also overrepresented in female NZB/W chimeras, reflecting the ability of 3H9/Vκ5-encoded autoantibodies to acquire either Tables S2 and S3 for raw data and statistical analysis). Black dots indicate Vκ genes that confer specificity for dsDNA, histones or CL. Grey dots indicate Vκ genes without these specificities.
or in the ratio of replacement to silent mutations in the CDR regions (Supplementary Table S4 ). The lightchain CDR1 of Vκ5-43 makes an important contribution to antigen binding, since it consists of an asparagine-rich sequence QNISNN. In female NZW/ BXSB chimeras that have attenuated autoreactivity, one or both of the two terminal asparagines of CDR1 is often replaced by serine or isoleucine. By contrast, replacement of these asparagines occurred rarely in either untreated or BAFF-R-Ig-treated male NZW/BXSB 3H9 chimeras (data not shown).
Both Vκ5-43 and Vκ5-48 light chains were sequenced from the GCs of NZB/W mice. There were fewer mutations per 3H9/Vκ5-43 and 3H9/Vκ5-48 pairs can be acquired as a result of somatic mutations (7) . Because 3H9/Vκ5-48 was not commonly found in BAFF-R-Ig-treated chimeras from NZW/BXSB mice, we enumerated the number of mutations in the FR regions and in CDRs of fulllength Vκ5-43 sequences of GC B cells and plasma cells from the NZW/BXSB chimeras. No difference was observed in the frequency of mutations in GC cells (average 3.6 mutations per sequence in BAFF-R-Ig-treated versus 3.5 mutations per sequence in untreated chimeras, 26 and 28 sequences, respectively; Figure 6C ) or plasma cells (average 2.4 versus 3.0 mutations per sequence, 15 and 16 sequences, respectively) full-length sequencing of the light chains from the chimeras. We found that Vκ5-45 constituted 23.7% of the Vκ5-43/45 light chains in the GCs of control 3H9 NZW/ BXSB chimeras compared with 17.5% of BAFF-R-Ig-treated chimeras; this difference was not significantly different. Similarly, Vκ5-45 was represented equivalently in the plasma cell repertoire of BAFF-R-Ig-treated and untreated NZW/ BXSB chimeras. In NZB/W mice, Vκ5-43 was the dominant light chain expressed in the GCs, constituting 89% and 100% of Vκ5-43/45 light chains in control and BAFF-R-Ig-treated mice, respectively.
We have previously shown by analysis of hybridomas that high-affinity CL and dsDNA binding activity of Figure 5 . The repertoire of Vκ light chains associated with the 3H9 heavy chain in GC B-cell subsets from NZW/BXSB (A) and NZB/W (B) chimeras. The y axis shows percent of the total repertoire for each subset. Four to six spleens were analyzed for each subset (see Supplementary Tables S2  and S3 for raw data and statistical analysis).
of autoantibodies that deposit in the kidneys (21, 22) . It is unknown whether BAFF inhibition alters the quality of the autoantibody response in SLE mice by altering either the naive or antigen-activated repertoires. It has been estimated that approximately 60% of 3H9-associated light chains are permissive for anti-dsDNA and/or anti-CL (but not RNA) autoreactivity when associated with the heavy chain (34) , allowing us to analyze the effect of BAFF inhibition on the 3H9-associated light-chain repertoire. Our strategy of examining the autoreactive repertoire of single cells sorted from the various subsets avoided the potential of misinterpretation of the changes in which was dominated by Vκ5-48 light chains (Supplementary Figure S2) .
DISCUSSIOn
In this study, we examined the regulation of 3H9-encoded anti-CL and anti-dsDNA autoantibodies by BAFF in two different mouse models of lupus. NZB/W female mice predominantly make an anti-dsDNA response, whereas NZW/BXSB male mice have an extra copy of TLR7 and make autoantibodies to chromatin, CL and RNA in a TLR7-dependent fashion (20, 32, 33) . We have shown in both strains that BAFF inhibition effectively delays the onset of SLE despite the continued generation sequence in Vκ5-43 light chains of BAFF-R-Ig-treated mice (6.3 versus 4.0) and fewer replacement mutations in the CDR regions of this light chain than in controls ( Figure 6D , Supplementary Table S4, p < 0.01). By contrast, there were more mutations per sequence in Vκ5-48 light chains of BAFF-R-Ig-treated NZB/W mice than controls (8.8 versus 4.7) but no difference in the number of replacement mutations in the CDR regions ( Figure 6E , Supplementary Table S4) . Interestingly, although the GC repertoire of both control and BAFF-R-Ig-treated NZB/W mice was dominated by Vκ5-43, these light chains were lost in the plasma cell repertoire of the BAFF-R-Ig-treated mice, with a relative decrease of Vκ5-48/Jκ4 and increase of Vκ5-43/45 Jκ5 chains in the GC and plasma cell compartments but no change in the frequency of somatic mutations in Vκ5-43/45 (20) . BAFF and TLR7 share a common pathway in B cells, since TLR7-mediated signals upregulate B-cell expression of both TACI and BAFF-R, thereby enhancing B-cell survival (39, 40) . In addition, signals through TACI cooperate with MyD88 in amplifying TLR-mediated signals (15) . The changes that we observed in GC selection could in part be responsible for the decrease in maximal anti-CL titers reached in both TLR7-deficient and BAFF-R-Ig-treated NZW/BXSB mice. By contrast, the GC repertoire of NZB/W mice was similarly dominated by Vκ5-encoded light chains but the relative distribution of Vκ5-43 and Vκ5-48 was not altered by BAFF inhibition. Instead, we found that the rate of somatic mutations was decreased in Vκ5-43-encoded light-chain genes from GC B cells, and these failed to be selected into the plasma cell repertoire. Nevertheless, anti-dsDNA titers were not altered by BAFF inhibition in this strain.
Our previous work in NZB/W lupus-prone mice expressing the autoreactive heavy-chain D42 showed that in the presence of competing non-autoreactive B cells, deletion of autoreactive D42-expressing B cells occurs between the transitional type 1 and type 2 B-cell stage in the periphery and is further regulated by BAFF availability (3). This result did not prevent the selection of high-affinity germline-encoded autoreactive D42 B cells into the GC or plasma cell compartments (3, 41) . Importantly, this dependence of autoreactive B cells on BAFF at the transitional B-cell stage does not apply uniformly to all autoreactive B cells. For example, B cells expressing the autoreactive HKI transgene are, like D42, deleted at the transitional to mature checkpoint, but when competition from non-autoreactive B cells is present, this deletion is not further enhanced by BAFF inhibition (42) . These studies, together with the data that we present here, there was substantial loss of naive B cells in BAFF-R-Ig-treated mice, with some skewing of the repertoire, the relevant autoreactive 3H9 + population did not appear to be preferentially targeted for deletion. Although BAFF inhibition does not prevent the spontaneous formation of GCs or the generation of somatically mutated pathogenic IgG anti-dsDNA antibodies in lupus-prone mouse strains, the amount of tissue damage after the deposition of IgG autoantibodies in the kidneys is limited by BAFF inhibition (38) . Whether this is due to a generalized decrease in inflammation that results from B-cell depletion or whether this is due to an alteration in the quality of the autoantibody response has not been determined.
The majority of 3H9-encoded GC and plasma cells from NZW/BXSB mice use Vκ5-43, Vκ5-45 and Vκ5-48 light chain genes (7, 20) . When expressed in their germline configuration, 3H9/Vκ5-encoded antibodies bind to chromatin, but they bind weakly to dsDNA and CL (7) . Furthermore, the J region influences the fine specificity of antibodies by using these light chains. 3H9/Vκ5-48/Jκ4 has the highest affinity for CL and dsDNA, whereas 3H9/Vκ5-43/Jκ5 binds to chromatin and weakly to histone and dsDNA (7) . By analyzing the autoreactive specificities of hybridomas generated from 3H9 transgenic NZW/BXSB mice, we showed that higher-affinity reactivity of 3H9/V5κ-encoded autoantibodies toward CL and dsDNA is acquired by somatic mutation and that the two specificities can be acquired independently of each other, even when the same heavy-and light-chain genes are used (7) . We have further shown that loss of one copy of TLR7 in male NZW/BXSB mice decreases the selection of B cells expressing the CL binding 3H9/ Vκ5-48/Jk4 both in the GCs and plasma cell compartment, whereas the 3H9/Vκ5-43/45 Jκ5 pair is found more frequently (20) .
When we examined the GC B-cell repertoire of 3H9 bone marrow chimeras treated with BAFF-R-Ig, we found a difference between the two mouse strains. In NZW/BXSB mice, BAFF inhibition phenocopied the loss of one copy of TLR7 the repertoire that could occur as a result of the substantial shifts in B-cell subsets that result from BAFF inhibition (21) .
We show here, using a bone chimera system in which autoreactive B cells compete for survival with non-autoreactive B cells (20) , that 3H9 B cells were deleted centrally in both NZW/BXSB and NZB/W strains and that this was not influenced by the availability of BAFF, consistent with the low expression of BAFF receptors by bone marrow B cells (35) . Autoreactivity of the remaining 3H9 B cells appeared to persist in the periphery, as manifested by downregulation of surface IgM on the mature naive transgenic cells. However, the degree of downregulation of the BCR was not affected by the availability of BAFF, nor did BAFF inhibition prevent autoreactive 3H9 + B cells from entering the GC or becoming plasma cells. Follicular exclusion of anergic cells is an important precaution to limit the access of autoreactive B cells to the GC, where they can undergo class switching and somatic hypermutation that increase their self-reactivity (36, 37) ; excess BAFF permits follicular inclusion in several models (14) . Therefore, it was intriguing that, in the NZB/W strain, the naive repertoire of mice treated with the BAFF inhibitor no longer expressed the two Vκ genes (Vκ3-4 and Vκ12-46) that dominate the marginal zone, suggesting that BAFF inhibition increases the stringency for follicular entry of B cells. The physiologic relevance of this finding is however unclear, since Vκ3-4 is not an autoreactive light chain when associated with 3H9 and 3H9/Vκ12-46 is not expressed in the GC or plasma cell repertoire of the NZW/BXSB strain.
In both NZW/BXSB and NZB/W mice, 3H9/Vκ5-encoded B cells are expanded in the GC and plasma cell repertoires and a large proportion of spontaneous IgG anti-CL and anti-dsDNA hybridomas from 3H9 transgenic NZW/BXSB and NZB/W mice use this H/L pair (7). Importantly, although the autoreactive Vκ genes Vκ5-43 and Vκ5-48 were represented in the naive repertoire of NZB/W mice, their frequency was not decreased by BAFF inhibition. These findings in sum show that although
